Whereas optogenetic techniques have proven successful in their ability to manipulate neuronal populations in species ranging from insects to rodents-with high spatial and temporal fidelity-significant obstacles remain in their application to non-human primates (NHPs). Robust optogenetics-activated behavior and long-term noninvasive monitoring of target neurons, have been challenging in NHPs. Here we present a method for all-optical interrogation (AOI), integrating optical stimulation and simultaneous two-photon imaging of neuronal populations in the primary visual cortex (V1) of awake rhesus macaques. A red-shifted channel-rhodopsin transgene (C1V1) and genetically-encoded calcium indicators (GCaMP5 or GCaMP6s) were delivered by AAVs, and subsequently expressed in V1 neuronal populations for months with high stability. We achieved optogenetic stimulation using both single-photon (1P) activation of neuronal populations and two-photon (2P) activation of single-cells, while simultaneously recording 2P calcium imaging in awake monkeys. Optogenetic manipulations of V1 neuronal populations produced reliable artificial visual percepts. Together, our advances show the feasibility of precise and stable all-optical interrogation of cortical neurons in awake NHPs, which may facilitate broad applications in high-level cognition and pre-clinical testing studies.
INTRODUCTION
Optogenetic techniques enable the functional characterization of neuronal populations and circuits with high spatial and temporal precision, but have been understudied in NHPs [1] [2] [3] [4] [5] [6] [7] . The successful application of optogenetics to NHPs is critical to discovering mechanistic pathways unique to primates, including: visual processing circuits found only in humans and primates (the only mammals with retinal foveas) 8, 9 ; high-level cognition circuits [10] [11] [12] [13] [14] [15] ; and aberrant mechanisms underlying human neurological and psychiatric disorders [16] [17] [18] . NHP studies are also essential for pre-clinical testing of optogenetic therapies before they can be translated to human application translated for human use 13, 19, 20 .
Previous studies have attempted to use traditional electrophysiological techniques to record optogenetic activation. Yet, repeated electrode recordings of the same neurons are difficult to achieve in NHPs. In addition, examining opsin expression patterns online within the area targeted by viral vector infusions, while maintaining the health of the neurons, is not currently possible without 2P laser-scanning microscopy 16, 21 . These combined hurdles call for an AOI approach to the application of optogenetic methods in NHPs.
AOI is achieved by the combination of optogenetics to perturb neuronal activity, and calcium or voltage indicators for non-invasive simultaneous readout. [22] [23] [24] [25] [26] [27] AOI's implementation thus allows monitoring large neuronal populations repeatedly and non-invasively, at single-cell resolution, [28] [29] [30] while enabling detailed mapping of neural circuits during behavior. 31, 32 Pioneering efforts to apply AOI in NHPs combined optogenetics with both in vivo epifluorescence imaging and intrinsic signal optical imaging. 19 Whereas these techniques allowed for large-field viewing, the spatial resolution of the readout was limited, and specific neurons of interest could not be interrogated repeatedly across recording sessions.
Here we combined wide-field 1P and single-cell 2P optogenetic stimulation techniques with recently developed 2P imaging technique in awake macaques 4, 33 to achieve AOI in NHPs. A red-shifted opsin C1V1 and calcium indicators GCaMP5G/GCaMP6s were delivered into V1 by adeno-associated virus (AAV) and expressed in V1 neuronal populations. The labeled V1 neurons exhibited stable repeatable responses to either optogenetic or visual stimulation. The behavioral experiments confirmed that robust artificial visual perception could be induced by optogenetic stimulation of V1 neuronal populations.
RESULTS

Transgene Delivery and Expression.
We infected area V1 neurons in three monkeys with C1V1 (AAV9-CamKIIα-C1V1(T/T)-ts-EYFP)-a red-shifted channel-rhodopsin transgene-and GCaMP5G/GCaMP6s (AAV1-hSyn-GCamP5G / AAV1-Syn-GCamP6s)-calcium indicators of activity. Six weeks after virus injection, a 1cm-diameter round optical window (glass coverslip attached to a titanium ring) was implanted onto the cortical surface using dental acrylic cement attached to the bone surrounding the craniotomy. 33 We imaged layer II/III neurons in the infected cortical area using 2P ( Fig. 1a ).
Dark cell bodies indicate C1V1-ts-EYFP expression localized to the membrane 34 (see also Supplementary Fig. 1 ). Fluorescence of GCaMP6s was relatively weak in the absence of cellular responses to either visual or optogenetic stimulation.
Fig. 1
All-Optical Interrogation (AOI) of a V1 neuronal population in awake macaque. a, 2P image of V1 neurons expressing C1V1-ts-EYFP and GCaMP6s. The colored ROIs indicate neurons that responded to both visual and optical stimuli, targeted for further analysis. b, Top, a differential image of GCaMP6s fluorescence (stimulated-baseline (F-F0), averaged across all stimulation frames), driven by visual stimuli consisting of gratings and color patches. Bottom, calcium signals from 10 neurons (colors from panel a) in response to 9 varied visual stimuli (presentation times in gray). c, Top, widefield optogenetic stimulation (0.8 mW/mm 2 , 30 Hz and 25% duty ratio) evoked robust responses in the same neurons. Bottom, 8 sequential identical optogenetic stimulations evoked equivalent responses in each cycle. d, Responses of two neurons to their preferred visual stimuli (pink, color patch; green, drifting grating; mean ± s.e.m., n = 10 trials). e, Optogenetically stimulated responses of the same two neurons are comparable to their visual responses (in panel d; mean ± s.e.m., n = 9 trials). f, Optogenetic dose-response curve (mean ± s.e.m., n = 9 trials). Optogenetic stimulation saturates at approximately 0.8 mW/mm 2 .
Simultaneous Optical Manipulation and Two-Photon Readout. NHPs kept eye
fixation, while visual stimuli consisting of drifting gratings and color patches were presented sequentially on the neuronal receptive field for 1 second at a time, with > 2 second inter-stimuli intervals. We recorded robust neuronal calcium responses that showed normal orientation and color selectivity, as well as spatial organization ( Fig.  1b and Supplementary Fig. 2 and 3 ).
We then stimulated the neurons optogenetically. Using single-photon stimulation (532 nm laser), we illuminated the entire imaged field (a 1 mm 2 laser spot), while measuring neuronal activity with simultaneous 2P imaging. Simultaneous optical stimulation and two-photon imaging present a significant challenge: this is because, though the stimulation and recording wavelengths may be sufficiently separated and filtered optically, the optogenetic stimulation power is orders of magnitude higher than the fluorescence power emitted by the activated cells. Thus, stimulation light leaks through the filters, and into the highly amplified photomultipliers (PMTs), with higher power than the relatively small GCaMP fluorescence signal. To address this issue, we shuttered the stimulation path while 2P-scanning the central 75% of the field. This allowed us to view the central area artifact-free ( Supplementary Fig. 4 ).
The optogenetically stimulated cells constituted a considerable fraction of the targeted population, and presented vigorous responses ( Fig. 1c ). By repeatedly conducting both optogenetic and visual stimulation we made three observations: 1) responses from the two modes of stimulation were comparable to each other in both amplitude and dynamics; 2) repeated stimulation resulted in similarly-sized responses;
3) optogenetic activation did not alter the receptive field properties of neurons that were subsequently stimulated with visual stimuli (Fig. 1d,e ). Notably, the dose-response curve revealed that the average laser-evoked responses were saturated at approximately 0.8mW/mm 2 , indicating high sensitivity of the optical manipulation system ( Fig. 1f ). Assessment of Long-Term Stability. Using AOI, we assessed the long-term stability of transgene expression and function in behaving monkeys. Transgene expression level and pattern were maintained ( Fig. 2a ), and neurons exhibited stable responses and tuning to visual stimuli (Fig. 2b,d and Supplementary Fig. 2 and 3) , over several months. The same neuronal population was repeatedly and stably activated by optical stimulation over a four-month period ( Fig. 2c ). We also evaluated the transgene expression at different cortical depths, from the surface to 500 µm. At 10-months post-infection there was abundant expression between 150 to 300 µm ( Fig. 2e ), and neurons in this range of depths responded robustly to optical stimulation ( Fig. 2f ).
Thus, both expression level and neuronal function remained stable over long time periods (in our experience, six months or more) in NHP cortex.
Fig. 3 AOI with single-cell resolution in V1
. a, 2P image of a targeted neuron co-expressing GCaMP5G and C1V1 (orange box). b, Calcium responses of the targeted neuron following spiral 2P optogenetic stimulation at each of the 5*5 grid locations from a. The target neuron responded only to directly focused 2P stimulation, indicating that 2P stimulation is spatially precise. c, Average fluorescence traces from the neuron when targeting two-photon stimulation directly at the soma (orange) versus the surrounding parenchyma (blue; mean ± s.e.m., n = 15 trials). d, Fluorescence traces of three other neurons under 2P stimulation. e, 2P image containing four targeted neurons co-expressing GCaMP5G and C1V1. f, Calcium responses of the targeted neurons (from e) when they were sequentially activated with spiral 2P stimulation. Each row demonstrates one of four neurons' activity (numbered as in e) during stimulation on either the same or alternate numbered neuron (columns). g, 2P images of the targeted neurons (e) and their individual average fluorescence traces when each of them were targeted (orange) versus not targeted (blue; mean ± s.e.m., n = 10 trials).
All-Optical Single-Cell Resolution Stimulation and Recording.
A powerful way to assess neural circuit function-for example, to determine the precise weights of the connections between identified neurons in an ensemble-is to photostimulate an individual neuron (without stimulating unwanted targets) while simultaneously monitoring the activity of the connected neurons in the network 5, 18, 32 . To perform simultaneous single-cell resolution 2P optogenetic activation with 2P calcium imaging of the neuronal population, we added a second optical path to our microscope-with a mode-locked femtosecond laser (λ = 1070 nm, 50 fs) and applied 2P stimulation-and used spirally scanning galvanometers to stimulate the soma of the target cell 31 .
To examine the spatial specificity of 2P activation, we measured the calcium response of the targeted neuron as a function of multiple surrounding stimulation sites (5 x 5 grid) ( Fig. 3a ). We sequentially stimulated each of the grid's sites using 2P spiral activation. Robust responses were evoked only when the target neurons soma was specifically targeted ( Fig. 3b-d ), suggesting that high-spatial precision of spiral 2P stimulation must be focused on the neuronal cell body for strong optogenetic activation to occur. We then simultaneously monitored and sequentially manipulated several neurons in one imaging field ( Fig. 3e ). Each of these neurons generated strong responses only when targeted by the 2P activation laser ( Fig. 3f,g) .
Fig. 4
Behavior induced by visual versus optogenetic stimulation in V1. a, GO/NO GO visual object detecting task. Monkeys were trained to report the onset of a visual cue (either a visual stimulus-Visual Stim-or an artificial visual perception induced by optogenetic stimulus-Opto Stim) by producing an eye movement. Each trial began when the NHP fixated the central fixation point. In the GO condition, monkeys were required to make a saccade within 500 ms of the cue onset, to obtain a juice reward. In the NO GO condition, no stimulus was presented, and monkeys were tasked with maintaining fixation for 2000 ms, to get a juice reward. b, An apparatus used for redirecting laser pulses towards a nearby cortical area not transduced with C1V1 (Mistargeted Stim, see insert). c, Analysis of behavior in two monkeys (M1 & M2) during the Visual Stim block (No Stim (blue), and Visual Stim (green)) versus the Opto Stim block (No Stim (blue), Opto Stim (red) and Mistargeted Stim (teal)). d, Saccadic trajectories under each condition. The green dash circles indicate the location of the Visual Stim, and the red dash circles denote the receptive fields of C1V1-expressing sites. In Opto Stim, both monkeys uniformly targeted their eye movements to the receptive fields of the C1V1-expressing site.
Optogenetic Manipulation of Behavior. To examine the monkeys' perceptual experience resulting from optogenetic stimulation of V1 neuronal populations, we designed an GO/NO GO visual object detection task, in which two monkeys were required to report the appearance of a visual cue using eye movements (Fig. 4a) .
Each trial began when the NHP fixated the central fixation point. Subsequently, a 0.5-degree Gaussian white dot was presented for 22 ms at an eccentricity of approximately 3 degrees as a visual cue for GO (an eye fixation break), and the NHP was rewarded for producing a saccade within 500 ms. On the NO GO trials (50%, no visual cue), the animal was rewarded for holding fixation for 2000 ms for the entire trial. Training proceeded until the NHPs conducted this task with high accuracy (> 80% correct rate; Visual Stim; Fig. 4c ). Notably, both monkeys tended to make eye movements towards the location of the visual cues ( Fig. 4d, green) , though any saccade exceeding one degree in magnitude was sufficient to receive a reward.
We then examined the artificial visual perception generated by optogenetic stimulation-Opto Stim. The GO condition here had no visual cue. Instead, we conducted optogenetic stimulation (a 532 nm laser, 22 ms pulse, subtending 1 mm 2 ) at the position of the C1V1-expressing cortex (which was about 3 degrees eccentric from the fovea, in a different position from the stimulus in the Visual Stim block).
Similar to the Visual Stim condition, monkeys in Opto Stim received a juice reward if they produced a saccade (> 2 degrees) after the optogenetic stimulation. Both monkeys performed this task well in Opto Stim condition with 99% and 96% accuracy in monkey M1 and monkey M2, respectively (Opto Stim ; Fig. 4c ). The eye movements correctly targeted the visual space locations of the RFs corresponding to the C1V1 expressing cortical sites (which were never otherwise targeted with Visual Stim cues). This further confirmed that optogenetic stimulation successfully induced artificial visual perception in the NHPs (Opto Stim; Fig. 4d ).
To rule out the possibility that any of the observed effects were due to artifacts resulting from the physical side effects of the laser illumination, we also interleaved Mistargeted Stim trials (8.3%) in the GO condition: here, we redirected the laser to a region of V1 cortex that did not express channel-rhodopsin (Fig. 4b ). This mistargeted laser should not be capable of evoking optogenetic activation of neurons, or the ensuing artificial visual perception. This control condition was treated as a GO task, and monkeys were again rewarded only for saccades launched immediately after laser onset (< 500ms). Despite the incentive to produce saccades in any direction, we observed significantly fewer saccades in this condition (p < 10 -20 for M1 and p < 10 -10 for M2), (Opto Stim versus Mistargeted Stim; Fig. 4c ), indicating that the monkeys truly were not aware of the mistargeted laser stimulation. We also studied saccadic latencies as a function of stimulus type and duration.
For Visual Stim, saccadic responses were swift and robust (Fig. 5a ), and exhibited consistent latencies of ~119 ms, measured as the time between cue onset and the saccade crossing the 1-degree magnitude threshold (Fig. 5f ). During Opto Stim (2.4 mW/mm 2 ), we found that laser pulses of 44 ms duration (or more) elicited robust responses ( Fig. 5b-d) , and that optogenetic-induced saccadic latencies were ~30 ms shorter, averaging 90 ms after laser onset ( Fig. 5g and Supplementary Fig. 5 ). This ~30 ms difference presumably arises from the optogenetic stimulation bypassing the subcortical visual pathway, an observation consistent with previous studies of visual signal propagation from the retina to V1 35, 36 .
DISCUSSION
Optogenetic applications in NHPs have facilitated our understanding of sensory processing, decision making, and the bases of cognition 11, 12, 16, 21, 37 , and will likely play a key role in future brain-computer-interfaces, neural prosthetics, and methods to counteract cognitive decline in the aging human brain. As such, optogenetic techniques are undergoing rapid translation to human clinical use. A critical step in the approval, implementation and efficacy of optogenetic therapies will be pre-clinical testing in NHPs, for which methods are currently lacking.
AOI is a particularly powerful optogenetic tool, as it can precisely map NHP neural circuits. Here we have combined optogenetic stimulation with 2P calcium imaging of neuronal responses, to achieve AOI in awake behaving macaque monkeys, in which we co-infected V1 neurons with C1V1 and GCaMP6s, and monitored calcium signal using 2P microscope while stimulating optogenetically. Our experiments revealed robust repeated neuronal responses to both optical stimuli and optogenetic activations, which remained high in quality for many months (Fig. 1,2) .
2P optogenetic stimulation moreover evoked strong neuronal responses with single-cell resolution (Fig. 3) . Optogenetic milliwatt-level stimulation in V1 cells produced strong and specific responses in identified visual cells. Finally, we compared optogenetically-derived to visually-derived perception by assessing the dynamics of saccadic eye movements produced in response to both modes of stimulation ( Fig. 4,5) . Together, the above results demonstrate the high sensitivity and stability of our AOI strategy.
Expression of Optogenetic Actuator and Calcium Indicator in Monkey
Cortex. Channelrhodopsin-2 (ChR2) is a commonly used optogenetic actuator for NHPs, though it often requires high laser power to evoke neuronal and behavioral responses [14] [15] [16] [17] 21 . The high conductance and red-shifted absorption spectrum of C1V1 makes it a preferable choice 12, 34, 38, 39 . This is especially true for AOI experiments, since C1V1's excitation spectrum is well separated from that of GCaMPs 31, 32 .
Expression of C1V1-ts-EYFP was robust, and we observed membrane-localized EYFP fluorescence, which has previously indicated membrane localization of C1V1 38 ( Fig. 1 and Supplementary Fig. 1 ). We visualized GCaMP6s fluorescence and filtered the widefield 1P stimulation pulses with a 500 ± 12.5 nm filter to block most of the EYFP fluorescence. Although the imaging quality was somewhat reduced due to the filter, we nevertheless identified robust responses derived from both visual and optical stimulation (Fig. 1,2) . Note that co-expression of C1V1-ts-EYFP and GCaMP6s in single neurons did not occur with high efficiency, and many neurons were activated by wide-field illumination but not by single-cell photostimulation. We conclude that more powerful molecular tools and gene delivery techniques further advance their utility in NHPs.
Noninvasive AOI of Neuronal Population in Behaving Monkeys. Two-photon
calcium imaging enables the monitoring and tracking of large neuronal populations at single-cellular resolution, over long periods 33, [40] [41] [42] . AOI methods provide the means to manipulate neural ensembles-or individual neurons-to identify their specific properties and to study their roles in local circuits 31, 32 .
AOI using C1V1 moreover decreases tissue damage caused by repeated probe penetration, and the photodamage effects that occur with the ChR2 construct 18, 20 . A primary limitation of our method arises from the 2P imaging-depth limit. This confines our AOI to superficial cortical circuits, lying within 500 µm of the surface 43 .
New multiphoton microscopy methods will improve and extend the depth limit of AOI to as deep as 1 mm 44 . Cellular-resolution imaging of subcortical structures is currently achievable with fiber-optic confocal laser endomicroscopy (CLE) techniques 45, 46 .
Behavior Effects Induced by Optical Stimulation. Electrical microstimulation
of the visual cortex evokes phosphene perception in humans, as well as saccadic eye movements in NHPs 36, [47] [48] [49] [50] . Similarly, optical stimulation of monkey V1 has been reported to induce saccades 15 , as also observed here. One refinement of our current design, as compared to prior work, is the inclusion of a control condition that targeted an unlabeled region of cortex, to rule out potential non-optogenetic artifacts related to laser activation. By requiring NHPs to make eye movements within a short period of time, we moreover verified that the animals made behavioral choices that directly 
METHODS
Detailed methods are provided in the online version of this paper.
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ONLINE METHODS
Rhesus monkeys (Macaca
Behavioral task. We trained each monkey to sit in a primate chair with its head restrained while performing visual fixation and behavioral choice tasks. Eye position was monitored with an infrared eye-tracking system (ISCAN, Inc.) at 120 Hz. Each trial started with eye fixation on a small white point (0.1°, within a window of 1°).
Visual stimuli were generated using the ViSaGe system (Cambridge Research Systems) and displayed on a 17" LCD monitor (Acer V173, 80Hz refresh rate) positioned 45 cm from the animal's eyes. Receptive fields of C1V1 and GCaMP expressing sites were localized with small patches of drifting oriented gratings.
We designed a GO/NO GO detection task for monkeys, in which they reported on either Visual Stim or Opto Stim cues by making saccades (Fig. 4a ), in two blocks.
In using an electronic circuit that shuttered the laser pulse at central 75% of the viewing frame along the Y-axis of each 2P frame ( Supplementary Fig. 3 ).
Single-cell two-photon activation.
A secondary femtosecond laser with 1070 nm wavelength (maximal power, 2.3 watts; pulse width, 100 fs; Fidelity, Coherent, USA) was used on a secondary galvanometer path in the 2P microscope (Ultima IV, Prairie, Bruker, USA) to perform 2P optogenetic activation targeting single cells, while simultaneously recording calcium activity. Spiral regions (5 rotations, 1.2 expansion rate, 0.01 pixel/µs and 30 repetitions) were defined to point target photo-activation areas ( Supplementary Fig. 6 ). The laser power was adjusted to 30 mW at the end of the objective with a polarization beam splitter into 1070 nm femtosecond laser light pathway.
Image data processing. All data analyses were performed using customized Matlab software (The MathWorks, Natick, MA). The images from each session were first realigned to a template image (the average image of 1000 frames in the middle of an imaging session) using a normalized cross-correlation-based translation algorithm, to correct the X-Y offset of images caused by the motion between the objective and the cortex.
Strategy for randomization and/or stratification. The order of visual stimuli was randomized during experiments. 
Inclusion and Exclusion
